Nest defense is an adaptive strategy used by adults to increase survival of independent young. However, the risk adults face by defending young from predators represents an important trade-off and parental investment theory predicts adults will modulate nest defense based on the value of offspring. We used a model of a black rat snake, a potential nest predator on our study site, to quantify nest defense in a population of gray catbirds in eastern Pennsylvania during the breeding seasons of 2017 and 2018. Specifically, we evaluated (1) the difference in nest defense between male and female parents, (2) the relationship between nest defense and nest success, and (3) how variation in nest defense was related to factors associated with offspring value. Although male catbirds tend to be larger than females, they did not defend their nests more aggressively than female catbirds. Response to the model predator we used was also not different between individuals whose nests were successful compared with individuals that failed. Although nests that contained more and older young were not defended more aggressively, our analyses did show that adult catbirds defended young that were laid earlier in the season more intensely than those laid later in the breeding season. In birds, earlier clutch initiation is associated with an increased chance of recruitment into the breeding population. Catbirds, therefore, follow predictions of parental investment theory because they defended offspring of higher value more aggressively.
Introduction
Many vertebrates, especially birds, mammals, and some fishes, will attempt to defend their young from predators (Clutton-Brock 1991) . Birds, for example, are known to use a variety of nest defense mechanisms that range from distraction displays (Brunton 1990 ) to physical aggression towards potential predators (Davis et al. 2018) . Within a species, the intensity with which adults defend their offspring will vary and explanations for this are usually based on parental investment (PI) theory in relation to the perceived value of offspring to parents (Trivers 1972 ; Montgomerie and Weatherhead 1988) . From a fitness perspective, the number of eggs and/or nestlings is perhaps the most straightforward example of how nests could vary in their perceived value to adults and several studies have shown that nest defense intensity is positively related to the number of offspring in nests (Knight and Temple 1986a; Olendorf and Robinson 2000; Jonsson et al. 2002; Svagelj et al. 2012; but Communicated by M. Leonard * Lucas J. Redmond ljr5322@psu.edu see Graham and Shutler 2019) . Although nest defense may impart a fitness benefit by increasing prospects of offspring survival, it is not without cost because, like other forms of parental care, defending adults could experience reduced survival (Visser and Lessells 2001) or fecundity (Hanssen et al. 2005) .
A second factor that is expected to cause variation in perceived value is offspring age because older offspring are more likely to reach independence than younger offspring (Dawkins and Carlisle 1976; Boucher 1977) . Therefore, parents are expected to defend older offspring more aggressively (e.g., Andersson et al. 1980; Tryjanowski and Golawski 2004; Redmond et al. 2009; Svagelj et al. 2012) . Studies in a number of species have shown that young who fledge earlier in the breeding season exhibit higher rates of juvenile survival (survival until the beginning of the first breeding season) compared with young that fledge from nests later in the breeding season (Drilling and Thompson 1988; Verhulst et al. 1995; Shutler et al. 2006) . Because earlier fledging offspring are more likely to survive to reproduce, PI theory also predicts that adults should defend those young more aggressively (Redmond et al. 2009; Boukhriss and Selmi 2010; Morrell et al. 2016) . However, other studies have found the opposite and suggest that a decline in renesting potential, the likelihood that an adult will attempt to renest following nest failure, across the breeding season results in an increase in nest defense intensity with date in the breeding season (Montgomerie and Weatherhead 1988; Pavel and Bures 2008) . An increase in nest defense intensity throughout the season could also be caused by the same individuals being repeatedly exposed to a model predator across the duration of a study, potentially resulting in positive reinforcement of this behavior, and thus, more aggressive nest defense later in the season (Knight and Temple 1986b) .
Variation in nest defense could also be related to traits of the parent that is defending the nest. For example, males of most species studied defend their nests more vigorously than females (Regelmann and Curio 1986; Redondo 1989; Redmond et al. 2009 ), which could be a result of males being larger than females making them less prone to injury when attacking a predator and allowing them to be more aggressive while defending their nest (Montgomerie and Weatherhead 1988; Kis et al. 2000) or more efficient, because of a larger body size, at defending nests (Wallin 1987) .
We studied variation in nest defense behavior in gray catbirds (Dumetella carolinensis, hereafter catbirds). Catbirds are multiple-brooded, socially monogamous, open-cup nesting songbirds that exhibit bi-parental care. Thus, they are wellsuited to study predictions of PI theory, especially as they relate to associations between seasonal timing and perceived value of offspring. We conducted experimental observations of nest defense behavior by catbirds over the course of two breeding seasons using a model of a black rat snake (Pantherophis obsoletus). This species of snake is a frequently encountered predator that has been shown to prey on both eggs, nestlings (Thompson III et al. 1999) , and adult birds (Stickel et al. 1980) and represents a viable risk to adults defending their offspring. Therefore, we hypothesized that variation in catbird nest defense would follow predictions of PI theory and predicted that catbirds would defend nests of higher perceived value more aggressively than nests that were less valuable. We predicted that nest defense intensity would increase with both the number and age of offspring in the nest at the time of observation. Like most species, clutch size in the population we studied was inversely related to clutch initiation date (LJR unpublished data). We also predicted that nest defense intensity would decline throughout the season as catbirds were expected to defend smaller broods as the season progressed. Catbirds in the population we studied will usually attempt to raise at least two broods per year, with peaks in fledgling production occurring in early June and again in late June and early July. Finally, because of the expected decline in offspring recruitment with season, we predicted that catbirds would defend earlier broods more aggressively than later broods.
Methods

Study site and species
This study was conducted on and around the Penn State Schuylkill campus located in Schuylkill Haven, Pennsylvania (40.6393°N, 76.1673°W), during the breeding seasons of 2017 and 2018. Our study site was approximately 45 ha of land that primarily consisted of second growth forest with a shrubby understory of multiflora rose (Rosa multiflora), tatarian honeysuckle (Lonicera tatarica), and privet (Ligustrum sp.) which were the most commonly used shrub species by catbirds for nesting (LJR unpublished data). Beginning in mid-May of each year, we conducted daily nest searches throughout the study site. Nests were located by thoroughly searching suitable habitat and observing parental behaviors. Nest location was recorded on a global positioning system and nests were observed throughout the nest cycle. Nests were checked every third or fourth day until they either failed or when nestlings were 10 days old and banded, at which point we considered nests to be successful. We attempted to capture as many adults as possible using mist nets placed around nests when nestlings were between 5 and 9 days old. Once captured, adults were banded with a unique combination of one aluminum USFWS band and three colored, plastic leg bands and a small (150-200 μL) blood sample was taken. We measured the length, width, and depth of the bill and tarsus length with dial calipers; wing chord and tail lengths with a stopped rule; and body mass with a spring scale.
Behavioral observations
We simulated predation events on catbird nests with a 1.1-m long replica of a black rat snake, an often-encountered predator known to depredate bird nests. Given that Gottfried (1979) showed that catbirds responded aggressively to predators and not to a control, we assumed that catbirds perceived the snake as an actual predator and did not include a control in this experiment. This assumption was supported by trail camera footage (LJR unpublished data) showing that catbirds responded to real predators in a manner consistent with what we observed in this study. The predator was placed within 1 m of the focal nest, while two nearby observers (approximately 15 to 25 m away, depending on understory density and nest visibility) concealed themselves as much as possible. Once positioned, the person that placed the predator moved away from the nest and a 30-min countdown for parental response began. To distinguish between the males and females at the nest, we only conducted observations at nests where at least one of the adults had been previously banded; thus, the identity of at least one adult at each nest was known. Because of this, it was not possible to record data blind because our study involved focal animals in the field. We eliminated scoring bias between the sexes based on observer differences by randomly assigning the male and female at a nest to one of the two observers. If at least one of the focal adults responded in a manner associated with defending the nest against a predator during the 30-min period, we recorded the elapsed time since the placement of the predator (hereafter, response time) and the observer began recording the behaviors exhibited by adults for the next 5 min. At the end of the 5 min, or if adults failed to either find or respond to the predator during the 30min period, the predator was removed. The presence of predators can elicit three different vocalizations in catbirds which are best described as (1) the "mew" call, (2) the "quirt" call, and (3) the ratchet call (Smith et al. 2011) , and we recorded the number of times each of these vocalizations were given by adults. Catbirds also approach predators and raise and quiver one or both of their wings. Finally, catbirds will attack predators to drive them away from the nest. We recorded the number of times each of the three vocalizations, wing raises, and attacks were observed during the 5-min recording period following initial discovery and response to the predator by at least one of the adult catbirds.
Statistical analyses
We quantified catbird response to predators by calculating a single value to represent how aggressively individuals behaved towards the predator during the 5-min scoring period. First, we assumed that vocalizations in response to the predator were a less aggressive form of nest defense than either wing raises or attacking the predator. We also assumed that attacking the predator exhibited more aggression and represented a higher level of risk than a wing-raise in response to the predator. Therefore, similar to previously published studies that used a single value to quantify how aggressively individuals defend their nests from predators (Curio and Onnebrink 1995; Redmond et al. 2009; Krystofkova et al. 2011) , we modified the value of these behaviors with the following equation which was used to calculate nest defense intensity (NDI): NDI = ((Mews + Quirts + Ratchets) × 0.5) + (Wing raises × 2) + (Attacks × 3)
Because of field assistant turnover both within and between years, nest defense observations were made by six different observers. The number of different observers that collected data such as those used in this study could lead to biased results because of differences in recording behaviors. To test for observer bias in scoring, we compared NDI among the six observers with an ANOVA. We further tested for betweenyear biases caused by observer turnover by comparing NDI between years using a t test.
Our analyses to determine important sources of variation in NDI began by testing for differences in NDI and response time between the sexes using t tests. This was done at both a population level and on a pairwise basis. We assumed that nest defense is an adaptive behavior for catbirds and predicted that nests that were either more aggressively or vigilantly defended would be more likely to fledge offspring. We tested these predictions by comparing NDI and response times of nests that were successful to those that failed using t tests.
We used an information theoretic approach to determine the effect of variables associated with offspring value as predicted by PI theory on NDI. These variables included observation date, clutch initiation, day in the nest cycle, brood (first or later), stage of the nest cycle, and nest worth, which was calculated as the number of offspring present in the nest at the time of observation, adjusting for an assumed difference in perceived value between eggs and nestlings by multiplying the number of nestlings by two. In an earlier analysis, we distinguished between second broods (first nest of pair was successful) and replacement nests (first nest of pair failed). However, we found no difference in NDI scores between these nests and to avoid overparameterization in analyses we grouped them together as later broods. We also included sex, the length of the bill and tail, and body condition variable that was derived from residuals of a linear regression of body mass on tarsus length for individuals that were observed. We used general linear models to determine the effect that these variables had on variation in NDI. In these models, brood, stage, and sex were included as fixed factors, while observation date, clutch initiation, day in the nest cycle, and nest worth were included as covariates. Because of sample size concerns, we only considered models with a maximum of four predictor variables. Akaike information criterion corrected for small sample size (AIC c ) was determined for each candidate model, which we used to calculate model likelihoods and weights (Burnham and Anderson 2002) . We considered models that were within 2 AIC c units of the model with the lowest AIC c score as being competitive. Weights of competitive models were used to calculate model-averaged parameter estimates for regression coefficients and their standard errors and 95% confidence intervals of predictor variables (Burnham and Anderson 2002; Arnold 2010) . Variables that did not include zero between the upper and lower confidence intervals of their regression coefficients were deemed important contributors to variation in NDI scores. Some individuals were observed multiple times and to avoid pseudoreplication we randomly selected a single case for those individuals to include in analyses. Values are reported as means ± SE and all analyses were conducted in SPSS 25 (SPSS 2017).
Data availability
The datasets generated and/or analyzed during the current study are available from the corresponding author on reasonable request.
Results
General patterns
Although six different observers were involved over the 2 years of this study, mean NDI among these observers did not differ (F = 0.69, P = 0.63). We conducted 76 trials in 2017 and 36 trials in 2018. There was no difference in mean NDI values between years (2017, 0.68 ± 0.10; 2018, 0.72 ± 0.15; t = − 0.19, P = 0.85), regardless of whether analyses included the sexes together or separately (males: P = 0.44; females: P = 0.27).
Males had longer bills than females (male, 11.87 ± 0.14 mm, n = 32, female, 11.46 ± 0.12 mm, n = 35; t = 2.22, P = 0.03) and tended to have longer tails than females (male, 95.81 ± 0.87 mm, n = 32, female, 93.54 ± 0.87, n = 35; t = 1.84, P = 0.07). At the population level, male and female NDI scores (male, 0.76 ± 0.16, n = 32, female, 0.96 ± 0.14, n = 35; t = 0.96, P = 0.34), and response time between males (13.6 ± 9.9 min, n = 17) and females (12.2 ± 7.9 min, n = 25; t = 0.50, P = 0.62) did not differ. Within pairs, male and female NDI (male, 1.07 ± 0.16, n = 32, female, 1.34 ± 0.14, n = 32; t = − 1.62, P = 0.12) was also not different and neither was the time it took for paired males (13.5 ± 2.0 min, n = 24) and females (13.5 ± 2.0 min, n = 24; t = − 0.53, P = 0.60) to respond. Instead, both NDI (r = 0.45, P = 0.007) and response time (r = 0.99, P < 0.001) were highly correlated between paired males and females.
In 45 of the 112 observations, adults did not appear at the nest during the entire 30-min observation period. An additional 15 cases resulted in adults at the nest that either (1) did not respond to the predator or (2) failed to find the predator during the 30-min observation period. We classified cases as nonresponses when adults were in close proximity to the predator and appeared to have the predator within their visual field yet did not exhibit behaviors typical of nest defense. Of the 52 cases that elicited a response by an adult, the mean time to find and respond to the predator was 12.0 ± 1.2 min. Time to respond did not vary with observation date (F = 0.01, P = 0.97), clutch initiation date (F = 0.01, P = 0.97), and offspring age (F = 0.30, P = 0.59) or nest worth (F = 0.57, P = 0.45). NDI scores between successful (0.92 ± 0.17, n = 21) and failed nests (0.84 ± 0.13, n = 46; t = 0.36, P = 0.72) were not different and adults whose nests were ultimately successful (15.6 ± 2.1 min, n = 16) did not respond to the predator faster during trials than those adults whose nests failed (11.1 ± 1.7 min, n = 26; t = 1.67, P = 0.10).
Offspring value and nest defense
Results of model selection (Table 1 ) indicated that the model with the lowest AIC c value included only clutch initiation as a predictor. Six other models had ΔAIC c values less than 2.0, but they all included clutch initiation in addition to some other variable or combination of variables. Because there were several competing models, we used model-averaging to produce parameter estimates of slope coefficients and their standard errors and 95% confidence intervals for all predictor variables used in model selection. Based on the calculated confidence intervals (Table 2) , clutch initiation was the only predictor that exhibited an important, and negative, effect on NDI (Fig. 1) . All other variables included 0 within the range of their confidence intervals (Table 2) and were not important contributors to variation in NDI scores.
Discussion
We quantified variation in nest defense behavior in a population of gray catbirds breeding in Eastern Pennsylvania. Our results indicated that NDI and response time between males and females in this population were not different. Furthermore, not only were NDI and response time the same between paired males and females, they were highly correlated. Nest fate did not appear to be related to levels of NDI or response time. Finally, we found evidence that catbird nest defense varied with characteristics of the offspring that were being defended because our multivariate analysis indicated NDI declined with clutch initiation. Other measures of offspring value (i.e., offspring age and number) were not related to how aggressively catbirds defended their nests.
Differences in nest defense between the sexes
Most studies conclude that males defend nests more aggressively than females (Redmond et al. 2009; Klvanova et al. 2011; Svagelj et al. 2012; Shew et al. 2016) and this difference is attributed to the larger size of males compared with females in many species. Larger individuals should be able to defend nests either more efficiently or aggressively with less risk than their smaller counterparts (Wallin 1987) . Conversely, if body size and maneuverability are inversely related (Pennycuick 1972; Lima 1986 ), then nest defense may be less risky for the smaller sex (e.g., Wiklund and Stigh 1983; Andersson and Wiklund 1987) . Although male and female catbirds from our study site do not differ in body mass, tarsus length, or bill dimensions, males do have longer wings and tails than females (LJR unpublished data). The larger flight surface relative to body size provided by the longer wings and tails of male catbirds should make them more maneuverable and less prone to injury while defending their nest (e.g., Wiklund and Stigh 1983; Andersson and Wiklund 1987; Kis et al. 2000) .
However, based on our measure of nest defense intensity, there was no difference in how aggressively males and females defended their offspring. One explanation for the lack of difference between the sexes is that aggression is a cue used by individuals to evaluate the suitability of a mate thus leading to assortative mating (Andersson 1994) . A second explanation is that parents adjust NDI based on the response of their mate (Andersson et al. 1980; Weatherhead 1989) . Both explanations predict a correlation between male and female NDI, which is consistent with our findings and thus we are unable to separate between the two hypotheses in the current study.
An alternative explanation to the lack of difference between male and female NDI is the possibility that males did not respond as vigorously as females because of uncertainty in paternity due to extra-pair mating. Reduced paternity has been linked to reductions in male parental care (Dixon et al. 1994; Freeman-Gallant 1996 ; but see Whittingham et al. 1992) , including nest defense by males (Weatherhead et al. 1994; Dolan et al. 2007) . In a different population of catbirds, 25% of broods contain at least one extra-pair young (Smith et al. 2011) and the decline in paternity that males would experience could inhibit the responses of males to potential nest predators. Future studies of this system should include information on paternity to determine if males defend nests in which they sire all young more aggressively than nests of males containing extra-pair young.
Nest fate and nest defense
Nest defense is presumed to be an adaptive response to the threat of nest predation and individuals that defend their nests more aggressively should experience higher rates of nest success. However, empirical results are mixed in that some studies have shown a link between more aggressive nest defense and nest success (Andersson et al. 1980; Knight and Temple 1986a) , while others find no relationship between intensity of nest defense and nest success (Redmond et al. 2009; Svagelj et al. 2012) . We found that catbirds that responded more quickly and aggressively were, ultimately, no more likely to be successful than individuals that responded more slowly and/or less aggressively. Although our results appear to question the adaptive nature of nest defense in catbirds, we would caution against this interpretation because our experimental design only captures a small part of the series of events that likely occur during a nest predation event. Adults responding during our trials are immediately presented with a nest predator within one meter of the nest. Although approaching predators could remain undetected by adults until they are within such close proximity of the nest, this seems unlikely. Instead, during a real predation event, adults would have the chance to detect and respond to predators while they are much farther from the nest, allowing them to perhaps use other types of behaviors (e.g., distraction) to prevent the predator from finding the nest or deter it from approaching. Studies, such as ours, that simulate a nest predation event with a model predator do not include the full sequence of events and may fail to detect a relationship between nest defense and nest success.
Offspring value and nest defense
Because larger broods represent an increase in fitness gains for adults (Newton 1989) , NDI is expected to scale with brood size. However, results are mixed in that some species exhibit the expected relationship between nest defense and brood size (Redondo 1989; Wiklund 1990; Olendorf and Robinson 2000) while others do not (Tryjanowski and Golawski 2004; Fig. 1 Relationship between clutch initiation (May 1 = 1) and nest defense intensity (Log 10 ) in gray catbirds breeding on and around the Penn State Schuylkill campus in Eastern Pennsylvania, USA Redmond et al. 2009 ). Offspring age has also been identified as an important contributor to variation in nest defense (Wallin 1987; Redmond et al. 2009; Svagelj et al. 2012 ). However, nest defense in catbirds was independent of both brood size and offspring age. Instead, our analyses indicated that NDI was inversely related to clutch initiation. Although there is no information related to fledging date and juvenile survival in this species (see Smith et al. 2011) , it seems unlikely that variation in juvenile survival is any different in catbirds than other species and catbirds that fledge earlier in the breeding season are more likely to survive into the following year (e.g., Naef-Daenzer et al. 2001; Smith 2004; Shutler et al. 2006 ). Therefore, from the perspective of an adult catbird, the most important variable related to the value of offspring that drives variation in NDI is the likelihood of young recruiting into the population. The renesting potential (Weatherhead 1979 ) and positive reinforcement hypotheses (Knight and Temple 1986b) both predict a positive relationship between nest defense and date, thus neither was supported by our data. Catbirds readily replace failed nests and, on our study site, have had as many as four nests in a year and bred well into late-August (Redmond, unpublished) . With such a long breeding season, renesting potential likely declines slowly and may not be an important driver of variation in nest defense intensity. The positive reinforcement hypothesis represents more of a methodological concern that we may have avoided by using a model of a predator that represents a threat to both catbird nests and adults.
